The southern African Miombo and Mopane ecoregions constitute a unique repository of plant diversity whose diversification and evolutionary history is still understudied. In this work, we assessed the diversity, distribution, and conservation status of Miombo and Mopane tree legumes within the Zambezian phytoregion. Data were retrieved from several plant and gene databases and phylogenetic analyses were performed based on genetic barcodes. Seventy-eight species (74 from Miombo and 23 from Mopane, 19 common to both ecoregions) have been scored. Species diversity was high within both ecoregions, but information about the actual conservation status is scarce and available only for ca. 15% of the species. Results of phylogenetic analyses were consistent with current legume classification but did not allow us to draw any conclusion regarding the evolutionary history of Miombo and Mopane tree legumes. Future studies are proposed to dissect the diversity and structure of key species in order to consolidate the network of conservation areas.
Introduction
Tropical dry forests and woodlands constitute a large portion of the world's vegetation, covering one-sixth of the earth's surface and more than half of the African continent [1, 2] . Among them, the Miombo-Mopane woodlands are the most predominant type of vegetation in Southern Africa, and together with Amazonia, Congo, New Guinea and the North American deserts, are considered wilderness areas of global conservation significance [3] . The woodlands play a crucial role in formal and informal economies, supporting the livelihoods of millions of rural and urban people, by providing important resources such as timber, food, medicines, biofertilizers, housing and energy [4] [5] [6] [7] [8] . The Miombo and Mopane woodlands also play an important role in the ecosystem dynamics, particularly with respect to biodiversity, water, carbon and energy balance [9] [10] [11] [12] [13] . 
Results

Tree Legumes Diversity and Conservation Status
Our study categorized 78 Leguminosae trees, of which 74 were representative of the Miombo woodlands and 23 of the Mopane woodlands (19 species common to both habitats) (Table 1) . Overall, the largest number of species was found in Zambia, with 71 out of the 78 species (91%), while the Democratic Republic of Congo (DRC) had the lowest number (51 species or 65%) ( Table 1) . Five of the six recognized subfamilies were found in the Miombo woodlands: Caesalpinioideae, the most frequent (27 species), followed by Papilionoideae (22 species), Detarioideae (21 species), and Cercidoideae and Dialioideae with only three and one species, respectively. Among the 34 genera, Brachystegia and Acacia were the most diverse with 12 and 11 species, respectively. The number of species per country ranged from 50 in the DRC to 67 in Zambia. The Mopane woodlands harbored four subfamilies of legume trees, 14 species belonging to the Caesalpinioideae subfamily, followed by Papilionoideae with six species. Only two species from Detarioideae and one from Cercidoideae were retrieved. The number of genera was lower in Mopane than in Miombo (15 versus 34) . The highest number of species was recorded in Zimbabwe (23) and the lowest in the DRC (11) . (Figure 2 ).
Mopane)
* The origin of Tamarindus indica is uncertain and some sources (Africa Plant Database) suggest that it is native only in Madagascar. 1 Distribution: AO-Angola; DRC-Democratic Republic of Congo; ZM-Zambia; ZW-Zimbabwe; TZ-United Republic of Tanzania; MW-Malawi; MZMozambique. 2 Conservation status according to IUCN Red List: LC-least concern; NT-near threatened; VU-vulnerable; NE-not evaluated.
Information on the conservation status of the Miombo and Mopane trees is still scarce as most of the species (66 species or 85%) have not yet been assessed globally, according to the categories and criteria of the International Union for Conservation of Nature (IUCN) Red List (Table 1) . Therefore, only 12 species could be evaluated, of which seven were classified with least concern (Acacia nilotica (L. 
Molecular Phylogenetic Analysis
As DNA sequences were not available for all the selected taxa, the analyzed set was reduced to a total of 67 species from the original set of 78 ( Table 2) . A total of eight datasets were created: two for each single locus (internal transcribed spacer (ITS), matK and rbcL), and two combined (ITS + matK + rbcL). The ITS matrix had the lower number of taxa and haplotype diversity (n = 38, Hd = 0.9986), while rbcL had the highest of the three (n = 53, Hd = 1.0000), followed by matK (n = 69, Hd = 0.9987). The combined set of ITS+matK+rbcL had a total of 70 sequences, with a single shared haplotype (Hd = 0.9996). A summary of the processed molecular data of this study is available in Table S1 of the Supplementary Materials. For each data matrix, two independent phylogenies were constructed, one using maximum likelihood (ML), and another using Bayesian inference (BI). In both methods, tree rooting was performed using Polygalaceae species as outgroups, namely Monnina xalapensis, Rhinotropis acanthoclada and Xanthophyllum hainanense. Overall, the BI phylogenies achieved higher support values, but were in turn less resolved, with more polytomies than ML trees. Topologies were highly similar within the same paired datasets, and to a lesser extent between locus, showing similar clustering patterns between species.
The phylogenetic trees obtained using the matK matrix provided the best resolution and support from the singular gene analysis, showing a clear split between subfamilies and clustering between closely resembling species ( Figure S1 ). ITS and rbcL phylogenies were generally less supported in both ML and BI analysis ( Figures S2 and S3) , and some taxa were also poorly positioned (i.e., found outside of the subfamily clade). The concatenated set of the three selected genes (ITS + matK + rbcL) achieved the best overall result both using BI (Figure 3 ) and ML (Figure 4) , with a lower number of unresolved nodes, as well as higher values of support, following the clustering pattern obtained by The Legume Phylogeny Working Group [23] .
Pterocarpus lucens, and Xeroderris stuhlmannii) being also present in Mopane. Three species, O. trichocarpum, Millettia stuhlmannii and M. usaramensis were present only in the eastern countries. The largest subfamily Caesalpinioideae, included 25 species, mostly Acacia spp. and Albizia spp. homogeneously distributed by country and ecoregion (Figures 3 and 4) . Pterocarpus lucens, and Xeroderris stuhlmannii) being also present in Mopane. Three species, O. trichocarpum, Millettia stuhlmannii and M. usaramensis were present only in the eastern countries. The largest subfamily Caesalpinioideae, included 25 species, mostly Acacia spp. and Albizia spp. homogeneously distributed by country and ecoregion (Figures 3 and 4) . The distribution of species among ecoregions (Miombo and Mopane) was as predictable and in general evenly distributed across the seven countries. The smaller subfamily, Cercidoideae, was well represented in Miombo (3 out of 3 species), holding a single taxon (Bauhinia thonningii), which was found in Mopane as well. The Detarioideae subfamily included 15 species, one common to both Miombo and Mopane (Baikiaea plurijuga), one exclusively from Mopane (Colophospermum mopane) and 13 exclusively from Miombo (Brachystegia spp., Isoberlinea spp., Julbernardia spp., Tamarindus indica and Guibourtia coleosperma). One of these species, I. scheffleri, was restricted to Tanzania and Mozambique, while B. plurijuga and G. coleosperma were not present in Tanzania, Malawi, Mozambique and the DRC. The 21 species belonging to the Papilionoideae were all present in Miombo, five of them (Dalbergia melanoxylon, Ormocarpum trichocarpum, Pterocarpus rotundifolius, Pterocarpus lucens, and Xeroderris stuhlmannii) being also present in Mopane. Three species, O. trichocarpum, Millettia stuhlmannii and M. usaramensis were present only in the eastern countries. The largest subfamily Caesalpinioideae, included 25 species, mostly Acacia spp. and Albizia spp. homogeneously distributed by country and ecoregion (Figures 3 and 4) .
Discussion
As expected, the Miombo woodlands presented a higher diversity of species (74 overall taxa, 55 Miombo-exclusive) than Mopane (23 taxa, 4 Mopane-exclusive) [17, 33] . This is likely related to the larger area and therefore to a rather diverse edaphic (e.g., drainage, soil depth and texture) and climate (warm to hot climate, 710 to 1365 mm mean annual precipitation and 18 to 23 • C mean annual temperature) conditions in the Miombo ecoregion [9, 34] . Additionally, Mopane is usually characterized by clayed soils [33] with a discontinuous tree cover and a continuous C4 grass layer [35, 36] . Thus, environmental determinants might have underlined a slight deviation on the evolutionary history of Miombo and Mopane tree legumes [37] . Also expected was the exclusive presence of the typically dominant genera of Miombo (Brachystegia, Isoberlinia and Julbernardia) and Mopane (Colophospermum mopane) in either ecosystem [17, 19, 24] .
When comparing the results with the combined areas of Miombo and Mopane woodlands there was not a logical correlation between area size and species number in some countries. This was particularly evident in Angola, which holds the largest woodland area of Miombo and Mopane but houses only 62 out of the 78 species. Other large countries such as Zambia and Mozambique however, did not follow this trend, as the identified species were well represented. These results could be explained by three hypotheses: i) the origin point of dispersal for the Leguminosae family was Zambia and/or Zimbabwe with a more recent expansion to Angola, compared to the other neighboring countries; ii) the knowledge on species diversity in Angola is incipient; or iii) a combination of the two. Among the seven countries included in this study, the highest species diversity was found in Zambia (i.e., 71 out of the 78 scored species, and 16 out of 17 typical Miombo species), likely related to the fact that Zambia is the center of endemism for Brachystegia [9] . Except for Zambia, the number of taxa was nearly the same for countries with dry Miombo (Malawi, Mozambique and Zimbabwe) and wet Miombo (Angola, DRC, Tanzania and Malawi). However, it is important to consider that the scored diversity in this study does not reflect species abundance and frequency, which could explain this similarity despite the fact that wet Miombo is often a floristically richer region [9, 38] .
The rarity of a certain species or ecosystem is frequently the first and most important feature when deciding its need of protection, as is the higher risk of extinction and loss of possible unique lineages [39] [40] [41] . This feature is particularly significant when information on the threat status of a species is insufficient [42] as is the case of Miombo and Mopane tree legumes, whose conservation status is available for a minority of species (Table 1) [43] . Such a trend was also found for other tree lineages endemic from Africa such as the nitrogen-fixing actinorhizal trees and shrubs [44] . This issue is of upmost importance within the context of the Bonn Challenge under which many countries have pledged to restore millions of degraded and deforested woodlands and forests [45] . Thus, more efforts are needed to investigate the vegetation dynamics, anthropogenic and environmental drivers as well as the different conservation management strategies across Miombo and Mopane countries. Examples of such efforts include the recent work of, (i) Chiteculo and Surovy [46] and Chiteculo et al. [47] , that characterized the vegetation composition and structure and deforestation patterns of the Miombo woodlands in the Huambo province, Angola, respectively; (ii) Ribeiro et al. [6] that conducted a 12-year analysis of the spatio-temporal patterns of fire to refine the fire management strategy in one of the most pristine areas of Miombo, the Niassa National Reserve, Mozambique; (iii) Mugasha et al. [48] that provided a pioneer study on modeling tree growth in the Miombo woodlands from Tanzania based on long-term monitoring data; and (iii) Chidumayo [49] that performed a long-term study across the Miombo woodlands in Zambia to investigate the woodland drivers and contribute to the design of management plans.
The use of phylogenetic diversity as an effective complementary mean of conservation has often been the object of debate. Since the proposal of this metric by Vane-Wright [50] , several studies have been able to test and evaluate this hypothesis with various results and opinions [51, 52] . Regarding molecular data, the results obtained in this study corroborate previous molecular findings showing that the use of taxonomic barcodes or DNA barcoding have great applicability on the identification, phylogeny reconstruction and evolutionary analysis for forest dwelling flora [53] [54] [55] , in our case tree legumes from the Miombo and Mopane ecoregions. The results are in line with a recent study by The Legume Phylogeny Working Group [23] , clustering together four out of the six new subfamilies: Caesalpinioideae, Cercidoideae, Detarioideae and Papilionoideae (Figures 3 and 4) .
Functional diversity is another useful parameter to assess phylogenetic diversity and the evolutionary potential (i.e., the ability of a species to adapt to environmental changes) [56] [57] [58] [59] . With few exceptions, the distribution of the 67 lineages and subfamilies across the seven countries was quite uniform and therefore, not informative regarding their evolutionary history across the Mopane and Miombo axis. This was particularly the case of the typically dominant genera of Miombo (i.e., Brachystegia, Isoberlinia and Julbernardia) and Mopane (C. mopane). Thus, further studies are needed in order to assess the genetic diversity and population structure of key species from Miombo and Mopane. Such complementary studies will be essential to provide better and more well-founded areas of protection for the Miombo and Mopane woodlands. In some countries where protected areas are still scarce, such as Angola, this might support the establishment of a network of protected areas spanning different sub-regions.
In conclusion, the Miombo and Mopane woodlands hold a differential phylogenetic diversity: the Miombo covers a larger area and holds a higher number of legume species; while the Mopane spans a smaller land mass that houses several unique and rare lineages. Both ecoregions hold a high value of biodiversity, even with a somewhat dissimilar composition, and as such future studies should take in account their exclusive characteristics alongside their shared ones when proposing new conserved species and areas.
Materials and Methods
Study Area and Spatial Analyses
The study area included the Mopane and Miombo ecoregions from the Zambezian phytoregion (i.e., Angola, Democratic Republic of Congo (DRC), Zambia, Zimbabwe, Tanzania, Malawi, and Mozambique) (Figure 1 ). Only the southern provinces of DRC (i.e., Tanganyika, Haut-Lomami, Lualaba, and Haut-Katanga (former province of Katanga, extinguished in 2009)), were included in this study, as only these four provinces are part of the Zambezian phytoregion [60] . The map of the terrestrial World Wildlife Fund (WWF) ecoregions [61] and the five Miombo and two Mopane sub-regions were analyzed and overlapped with the digital maps of the Zambezian region.
Database of Legume Trees
A list of the native tree legume species (Leguminosae family) from the Mopane and Miombo woodlands was created through an extensive research in scientific publications [6, 12, 17, 33, 62] and references therein and online databases, such as the African Plant Database [63] , Plants of the World Online [64], Flora of Mozambique [65] , Flora of Zambia [66] , Flora of Malawi [67] and Flora of Zimbabwe [68] . Scientific names were updated according to The Plant List [69] , while subfamilies were compiled using the organization defined by the The Legume Phylogeny Working Group (LPWG) [23] . The main distribution in the Zambezian phytoregion, species' habit, conservation status and molecular data were also searched and compiled. Distribution data was attained in several bibliographic sources [70] [71] [72] [73] [74] and online databases, namely the Global Biodiversity Information Facility (GBIF) platform [75] , and the African Plant Database [63] . The conservation status of each species was consulted in the International Union for Conservation of Nature-Red List [40] .
Sequence Data and Phylogenetic Analysis
To perform the molecular analysis, three markers were selected: two chloroplast genes often used in plant barcoding, rbcL and matK [76, 77] ; and the internal transcribed spacer (ITS) region, which has been shown to be a useful complementary barcode [78] .
The software Geneious Prime 2019.0.3 [79] was used to retrieve the selected DNA sequences from the National Center for Biotechnology Information (NCBI) GenBank database, and each locus dataset was subsequently aligned using the multiple sequence alignment tool MAFFT [80] , available online [81] . The haplotype diversity of the data was verified using DNASP6 v.6.12.01 [82] , and then processed with trimAl v.1.3 [83] , through the Phylemon2 framework [84] , to remove poorly aligned regions and improve the quality of the alignments. A concatenated set using the three loci was created using Concatenator [85] to assess the collective phylogeny of the selected taxa. PartitionFinder2 v.2.1.1 [86] [87] [88] was used to find the adequate partitioning and models of evolution for the four groups (three single and one combined), using the corrected Akaike Information Criterion (AICc) as the model, and partitioning by gene and codon position.
Phylogeny reconstructions were made using two different methodologies for the individual and combined locus datasets, namely maximum likelihood (ML) and Bayesian inference (BI). In both cases, species from the Polygalaceae family, a sister group of Leguminoseae, were selected as outgroups (Monnina xalapensis, Rhinotropis acanthoclada and Xanthophyllum hainanense, the latter functioning as the most exterior outgroup) [89] . ML analyses were performed using RAxML v.8.2.10 [90] , through RaxmlGUI v.1.5b [91] , using a ML + rapid bootstrap search and an autoMRE bootstrap. BI analyses were made using MrBayes v.3.2.6 [92] , with 1.5 × 107 generations and a sample every 100 steps, with default chains and temperature. Convergence on all parameters was verified using Tracer v.1.6 [93] across all runs. The BI analyses were performed using the Cipres Gateway services [94] . Finally, we summarized, annotated and later exported the resulting phylogenetic trees using FigTree v. 1.4.3 [95] .
Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/8/6/182/s1, Figure S1 : The phylogenetic trees obtained using the matK matrix with ML (A) and BI (B). Figure S2 : The phylogenetic trees obtained using the rcbL matrix with ML(A) and BI (B). Figure S3 : The phylogenetic trees obtained using the ITS matrix with ML (A) and BI (B). Table S1 : Summary of the analyzed molecular data. 
